Abstract. The purpose of this study was to determine whether phosphatidylinositol 3-kinase (PI 3-K) inhibitors could modulate the apoptotic activity of the anticancer drugs cisplatin, 5-fluorouracil or docetaxel in an oral squamous cell carcinoma (OSCC) cell line, HSC-2. In preliminary experiments, cisplatin, 5-fluorouracil and docetaxel inhibited the proliferation of OSCC cells in a dose-dependent manner. We found that two PI 3-K inhibitors, wortmannin and LY294002, markedly suppressed the phosphorylation of Akt in OSCC cells. Treatment of OSCC cells with PI 3-K inhibitors significantly enhanced cisplatin-, 5-fluorouracil-or docetaxelinduced apoptosis. Caspase-3 and -9 inhibitors, but not a caspase-8 inhibitor, reduced anticancer drug-mediated apoptosis in PI 3-K inhibitor-treated OSCC cells, suggesting that the apoptotic pathway induced by the combination of anticancer drug therapy and PI 3-K inhibition may be functionally related to the intrinsic apoptotic pathway in OSCC cells. Expression of Bcl-2, cellular inhibitor of apoptosis protein-1 (cIAP-1), and X-linked IAP was down-regulated, and expression of Bax was up-regulated by PI 3-K inhibitors, while that of Bcl-xL, Bak and cIAP-2 was not attenuated. We also found that Bad phosphorylation was down-regulated by PI 3-K inhibitors. These results suggested that inhibition of PI 3-K enhances the susceptibility of OSCC cells to anticancer drug-mediated apoptosis through regulation of expression and post-translational modification of both pro-and antiapoptotic proteins. These findings could potentially lead to new strategies for improving the efficacy of anticancer drugs in OSCC cells.
Introduction
The survival rate for patients with oral squamous cell carcinoma (OSCC) remains poor despite advances in diagnosis and treatment (1) . OSCC usually develops in areas of carcinogen-exposed epithelium, and likely results from the accumulation of cellular and genetic alterations, leading to aberrant expression of proteins involved in cell growth regulation (2) . Blocking or modifying the function of one or several of these proteins may impede or delay the development of cancer. Chemotherapy is the mainstay of treatment for patients with recurrent and/or metastatic OSCC, both alone and in combination with other agents or radiation therapy (3) . Cisplatin/carboplatin, 5-fluorouracil, and paclitaxel/docetaxel are frequently used in combination therapies for the treatment of OSCC because their combined use results in a synergistic cytotoxic effect (4) (5) (6) (7) .
Apoptosis has been proposed to be an important mode of cell death in cancers treated with anticancer drugs (8, 9) . These drugs act via a cascade of biochemical events, several of which eventually lead to apoptosis. In most cancer cells, apoptosis is dependent on an intact caspase cascade, and is mediated through the mitochondrial apoptosis pathway (10) (11) (12) . This apoptotic pathway is regulated by pro-and anti-apoptotic members of the Bcl-2 family of proteins (12) . Once activated, certain caspases also fall under the control of inhibitor of apoptosis proteins (IAPs) (11) . Alterations in the function of these apoptotic proteins contribute to resistance to chemotherapeutic agents (12, 13) .
Intracellular mediators of apoptosis, while still largely unknown, are currently a subject of considerable interest and study. Phosphatidylinositol 3-kinase (PI 3-K) can control cell survival/death through the phosphorylation of Akt in cancer cells (14, 15) , and the PI 3-K/Akt signaling pathway is now recognized as one of the most critical pathways in the regulation of cell survival. The activation of Akt-mediated signaling pathways provides cells with a survival signal that allows them to withstand apoptotic stimuli (16, 17) . A great deal of evidence supports the idea that the major functions of Akt (also known as PKB) are to promote growth factormediated cell survival and block apoptosis. Activated Akt phosphorylates Bad, procaspase-9, forkhead, cyclic AMP response element-binding protein, and IκB kinase, resulting in the suppression of apoptotic signaling and expression of antiapoptotic genes (18) . However, the mechanism of attenuation of anticancer drug-mediated apoptosis by the PI 3-K/Akt signaling pathway is largely unclear.
New treatments for the management of OSCC patients are urgently needed. In a previous study, we demonstrated that treatment of OSCC cells with PI 3-K inhibitors enhanced their susceptibility to Fas-mediated apoptosis (19) . This suggested that blocking PI 3-K/Akt signaling could be an effective anticancer therapy. In the current study, we investigated the molecular mechanism of tumor remission by examining the combined effect of PI 3-K inhibitors plus cisplatin, 5-fluorouracil or docetaxel on apoptosis in OSCC cells. We examined whether PI 3-K inhibitors can affect the susceptibility of OSCC cells to anticancer drug-mediated apoptosis, and the expression of members of the Bcl-2 and IAP families of proteins. We demonstrated that inhibition of PI 3-K enhances anticancer drug-mediated apoptosis through the down-regulation of Bad phosphorylation, and of Bcl-2, cIAP-1 and XIAP expression, and up-regulation of Bax expression in OSCC cells.
Materials and methods
Reagents. Dulbecco's modified Eagle's medium (DMEM) and fetal bovine serum (FBS) were obtained from Gibco BRL (Gaithersburg, MD). Cisplatin, 5-fluororacil and docetaxel were obtained from Wako Pure Chemical Industries (Osaka, Japan). A MEBCYTO apoptosis kit, which uses FITC-conjugated annexin V, was purchased from MBL (Nagoya, Japan). Control antibodies were obtained from PharMingen (San Diego, CA). The caspase inhibitors VAD-FMK (caspase family inhibitor), DEVD-FMK (caspase-3 inhibitor), IETD-FMK (caspase-8 inhibitor), LEHD-FMK (caspase-9 inhibitor), and FA-FMK (negative control for FMK) were also purchased from MBL. All other chemicals were supplied by Sigma Chemical Co. (St. Louis, MO). The PI 3-K inhibitor wortmannin was obtained from Calbiochem (San Diego, CA), and LY 294002 was obtained from Cayman Chemical (Ann Arbor, MI). Anti-Akt, anti-phospho-Akt (p-Akt), anti-Bad and anti-p-Bad antibodies were purchased from Upstate Biotechnology (Lake Placid, NY). Anti-Bax, anti-cIAP-1, anti-cIAP-2 and anti-XIAP antibodies were obtained from R&D Systems Inc. (Minneapolis, MN), anti-Bak antibody was from Stressgen Biotechnology (Victoria, Canada), and anti-Bcl-2 and anti-Bcl-xL antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA). Control antibodies (secondary antibodies) were obtained from PharMingen. All other chemicals were of analytical grade.
Cell lines and culture conditions. The human OSCC cell line HSC-2 was grown as adherent monolayers. HSC-2 cells were established from SCC of the oral cavity. Cells were maintained in DMEM supplemented with 10% inactivated FBS, 2 mM L-glutamine, and antibiotics (100 U/ml penicillin and 100 μg/ ml streptomycin) at 37˚C in a humidified atmosphere of 5% CO 2. The concentration of wortmannin or LY294002 used in the current experiments was 500 nM and 30 μM, respectively (19) .
Proliferation assays. The cytotoxic effect of cisplatin, 5-fluorouracil, and docetaxel in OSSC cells was evaluated using a proliferation assay. Cell proliferation was assessed using Cell Counting Kit-8 (Wako, Tokyo, Japan), which labels cellular DNA with a fluorescent reagent (20) . Briefly, cells (1x10 4 /well) were seeded into 96-well plates and cultured for 24 h to allow them to adhere. Then, cells were incubated with a range of concentrations of single agents cisplatin (0-40 μM), 5-fluorouracil (0-160 μM), and docetaxel (0-16 nM), for 24 h at 37˚C, respectively. After incubation, 10 μl of a formazan-generating reagent, WST-8, was added to each well for 45 min at 37˚C. The absorbance of each well at 450 nm was then measured using a microplate reader.
Flow cytometry. The binding of annexin V-FITC was used as a sensitive method of measuring apoptosis, using a previously described procedure (21), with slight modifications. Briefly, OSCC cells (1x10 7 cells/ml) were preincubated with or without PI 3-K inhibitor for 2 h. Treated OSCC cells (1x10 6 cells/ml) were exposed to cisplatin (5 μM), 5-fluorouracil (20 μM) or docetaxel (2 nM) for 24 h, then harvested. The dose of anticancer drug used was determined by preliminary studies, and corresponded to the concentration at which there was approximately 25% inhibition of cell proliferation. Cells were then incubated for 15 min at room temperature in binding buffer (10 mM HEPES, 140 mM NaCl, 2.5 mM CaCl 2 , pH 7.4) containing a saturating concentration of annexin V-FITC, according to the manufacturer's instructions. After incubation, the cells were pelleted and analyzed using a FACScan flow cytometer and Cell Quest software (Becton Dickinson Co., Mountain View, CA). Where indicated experiments were performed in the presence of caspase inhibitors (20 μM).
Western blot analysis. Akt, p-Akt, Bad, p-Bad, Bax, Bak, Bcl-2, Bcl-xL, cIAP-1, cIAP-2 and XIAP expression were analyzed by Western blotting. OSCC cells (1x10 7 cells/ml) were incubated with wortmannin (500 nM) or LY294002 (30 μM) for 2 h to analyze the expression of Akt and Bad, and for 12 h to analyze the expression of Bax, Bak, Bcl-2, Bcl-xL, cIAP-1, cIAP-2 and XIAP. After treatment, cells were pelleted and lysed in lysis buffer (pH 7.4) containing 50 mM Tris-HCl, 300 mM NaCl, 5 mM EDTA, 0.5% Triton X-100, 1 mM PMSF, 10 μg/ml leupeptin and 20 μg/ml aprotinin. Of cellular protein, 60 μg was separated on a 10% SDS polyacrylamide gradient gel using the ECL Western blotting analysis system (Amersham Pharmacia Biotech, Piscataway, NJ), according to the manufacturer's instructions and previously reported methods (19) . Proteins were electrophoretically transferred to a nitrocellulose membrane, Immobilon-P (Millipore, Tokyo, Japan). After the membrane was incubated with 5% BSA, it was incubated with the indicated primary antibody, then with alkaline phosphatase-linked anti-rabbit or anti-mouse IgG secondary antibody (Amersham Pharmacia Biotech), and alkaline phosphatase-linked anti-biotin antibody (Amersham Pharmacia Biotech). Immunoreactive proteins were detected using an ECL detection reagent and captured on X-ray film. ß-actin served as a positive control. Immunoreactive bands were analyzed using the FluoroImager 595 and ImageQuant software (Amersham Biosciences). Background levels were subtracted from each sample, and the protein level Statistical analysis. The data represents the means ± standard deviation (SD). Differences between groups were analyzed using an unpaired two-tailed Student's t-test. A p-value of <0.05 was considered significant.
Results

Effect of PI 3-K inhibitors on Akt phosphorylation in OSCC cells.
The PI 3-K/Akt signaling pathway controls cell survival in cancer cells (14, 15) . To determine whether the PI 3-K inhibitors wortmannin and LY294002 reduced the activation of Akt in OSCC cells, we examined the phosphorylation of Akt in PI 3-K inhibitor-treated OSCC cells using Western blot analysis. In untreated OSCC cells, Akt was constitutively phosphorylated, reflecting the contribution of the PI 3-K/Akt pathway to cell survival. As shown in Fig. 1 , phosphorylation of Akt was potentially down-regulated in the presence of wortmannin (500 nM) and LY294002 (30 μM). Thus, both of the PI 3-K inhibitors diminished Akt activity in OSCC cells. These results suggested that inhibition of PI 3-K modulates cell survival and/or cell death in OSCC cells.
Effect of anticancer drugs on cell proliferation in OSCC cells. Cisplatin, 5-fluorouracil and docetaxel are the most frequently used agents for the treatment of patients with SCC (4-7). To determine whether these anticancer drugs altered the proliferation of OSCC cells, we performed a preliminary analysis of the effect of cisplatin (0-40 μM), 5-fluorouracil (0-160 μM), and docetaxel (0-16 nM) on the proliferation of HAS-2 cells, an OSCC cell line. We found that all three compounds inhibited OSCC cell growth in a dose-dependent manner (Fig. 2) .
Effects of PI 3-K inhibitors on anticancer drug-mediated apoptosis in OSCC cells.
Akt is constitutively activated and promotes cellular survival and resistance to chemotherapy in cancer cells (22) . To determine whether PI 3-K inhibitortreated OSCC cells had an altered susceptibility to anticancer drug-mediated apoptosis, we used a flow cytometer and the binding of annexin V to examine apoptosis in OSCC cells treated with PI 3-K inhibitors alone, a fixed dose of anticancer drug or a combination of PI 3-K inhibitor and anticancer drug. The doses of anticancer drug were 5 μM cisplatin, 20 μM 5-fluorouracil, and 2 nM docetaxel. These concentrations corresponded to the doses at which 25% inhibition of cell growth was observed in cell proliferation experiments. Cells treated with a combination of anticancer drugs (cisplatin, 5-fluorourcil or docetaxel), and PI 3-K inhibitor showed significantly higher levels of apoptosis than those treated with PI 3-K inhibitor alone (Fig. 3) . PI 3-K inhibitor-treated OSCC cells also exhibited higher levels of enhanced spontaneous apoptosis compared to untreated OSCC cells (Fig. 3) . However, the potentiating, pro-apoptotic effect of the PI 3-K inhibitors was strongly enhanced in the presence of the anticancer drugs. We next examined whether caspase inhibitors affected the proapoptotic activity of wortmannin and LY294002. Treatment of OSCC cells with a caspase family inhibitor (VAD), caspase-3 inhibitor (DEVD), or caspase-9 inhibitor (LEHD) reduced the potentiating effect of both of the PI 3-K inhibitors on anticancer drug-induced apoptosis, while treatment with the caspase-8 inhibitor (IETD) did not (Fig. 4) . These results indicated that the pro-apoptotic action of wortmannin and LY294002 is mediated by caspase-9 and -3 signaling pathways in OSCC cells.
Effect of PI 3-K inhibitors on Bad phosphorylation in OSCC cells. Phosphorylation of Bad causes disruption of protein complexes containing Bad and members of the Bcl-2 family
of anti-apoptotic proteins, resulting in prolonged cell survival (18) . We next examined whether wortmannin and LY294002 prevented the phosphorylation of Bad in OSCC cells. Both wortmannin (500 nM) and LY294002 (30 μM) markedly attenuated the phosphorylation of Bad in OSCC cells (Fig. 5) . These results indicated that inhibition of PI 3-K blocks the Aktmediated cell survival pathway through the down-regulation of Bad phosphorylation in OSCC cells.
Effect of PI 3-K inhibitors on the expression of pro-and antiapoptotic proteins in OSCC cells.
The apoptotic pathway is regulated by members of the Bcl-2 and IAP family of proteins (11, 12) . To determine whether the expression of pro-and anti-apoptotic proteins in OSCC cells was altered by treatment with PI 3-K inhibitors, we examined the level of Bcl-2 family and IAP family proteins using Western blot analysis. Both of the PI 3-K inhibitors diminished the levels of the anti- apoptotic protein Bcl-2, and the pro-apoptotic protein Bax. In contrast, the levels of Bcl-xL and Bak were not altered (Fig. 6A) . Treatment with either wortmannin or LY294002 also diminished the levels of cIAP-1 and XIAP, while the level of cIAP-2 was unaltered (Fig. 6B) . These results suggested that the PI 3-K/Akt pathway modulates anticancer drugmediated apoptosis through regulation of the expression of both pro-and anti-apoptotic proteins in OSCC cells.
Discussion
Several studies have shown that Akt is constitutively activated and promotes cellular survival and resistance to chemotherapy or ionizing radiation in cancer cells (22) . It is also well known that anticancer drugs and irradiation induce cell death in part by suppressing PI 3-K/Akt activation (23, 24) . Many reports have shown the synergistic augmentation of anticancer drugs and PI 3-K inhibitors in carcinoma cells including OSCC cells (25, 26) . These results suggest that a combination of anticancer drugs and PI 3-K inhibitors may provide an effective approach to inducing apoptosis in OSCC cells. However, the mechanism of apoptosis and the apoptotic machinery involved in combined therapies of anticancer drugs and PI 3-K inhibitors in cancer cells is unclear.
We showed that in OSCC cells, Akt is constitutively phosphorylated, indicating that Akt activation in OSCC cells contributes to cell survival. Treatment with two PI 3-K inhibitors, wortmannin and LY294002, markedly suppressed the phosphorylation of Akt in HSC-2 cells, an OSCC cell line, suggesting that OSCC cell survival is mediated by the PI 3-K/Akt pathway, and that PI 3-K inhibitors may also induce apoptosis in OSCC cells. PI 3-K inhibitors, such as wortmannin and LY294002, have previously been examined for their anti-tumor activities (27, 28) . We were interested in whether the susceptibility of OSCC cells to anticancer drugmediated apoptosis was altered by treatment with PI 3-K inhibitors. We demonstrated that PI 3-K inhibitor-treated OSCC cells had significantly enhanced levels of cisplatin-, 5-fluorouracil-, and docetaxel-mediated apoptosis. We also demonstrated that inhibitors of caspase-3 or caspase-9 reduced the potentiating effect of PI 3-K inhibitors on anticancer drug-induced apoptosis, suggesting that the pathways involved in apoptosis of cancer cells by the combined use of PI 3-K inhibitors and anticancer drugs are related to intrinsic pathways of cellular apoptosis. These results also agree with a previous study in which it was shown that caspase-9 is the principal initiating caspase in anticancer drug-induced apoptosis in OSCC cells (29) . In the current study, wortmannin and LY294002 also inhibited Bad phosphorylation in OSCC cells. Phosphorylated Bad binds to mitochondrial Bcl-2 or Bcl-xL, preventing cytochrome c release and caspase-9 activation (30) . This result provides further evidence that the pro-apoptotic action of PI 3-K inhibitors is mediated by components of the intrinsic apoptotic pathway in OSCC cells.
It is well known that apoptosis is regulated by both proand anti-apoptotic proteins, including the Bcl-2 and IAP families of proteins (11, 12) . For example, caspase-9 activation is inhibited by anti-apoptotic members of the Bcl-2 family of proteins, including Bcl-2 and Bcl-xL, and facilitated by the pro-apoptotic Bcl-2 family members, including Bax and Bak (31) . In addition, active caspase-3, -6, -7 and -9 can be inhibited by members of the IAP family of proteins (32) . The involvement of Akt in mediating down-regulation of proapoptotic Bcl-2 family proteins, or up-regulation of antiapoptotic IAP and Bcl-2 family proteins, has been demonstrated in some studies (11, 12) . Inhibition of Akt phosphorylation is coupled with a significant decrease in anti-apoptotic Bcl-2 and Bcl-xL in SCC (33) . Although previous studies have shown that expression of Bcl-2 family and IAP family members is regulated by PI 3-K inhibitors, these results vary according to cancer cell type (34) (35) (36) (37) (38) (39) (40) . For example, in various cancer cells, PI 3-K inhibitors have been shown to decrease the expression of Bcl-2 (34-36), Bcl-xL (34, 39) , cIAP-1 (38, 40) , cIAP-2 (37), XIAP (37, 40) , and survivin (38) , and increase the expression of Bak (35) , and Bax (35, 36, 40) . In the current study, we demonstrated that treatment of OSCC cells with PI 3-K inhibitors resulted in down-regulation of the expression of the anti-apoptotic proteins Bcl-2, cIAP-1 and XIAP, and upregulation of the expression of the pro-apoptotic protein Bax. The alteration in expression of these apoptosis-regulated proteins suggests that they may be involved in the mechanism of enhanced anticancer drug-mediated apoptosis by PI 3-K inhibitors in OSCC cells. Ultimately, it is necessary to study anticancer drug-mediated apoptosis using knockdown or overexpression of Bcl-2 and IAP family proteins in cancer cells. Recently, it was shown that antisense molecules that reduced Bcl-2 (41) or XIAP (42) levels sensitized cancer cells to anticancer drug-induced apoptosis.
In conclusion, we found that inactivation of PI 3-K/Akt signaling induced anticancer drug-mediated apoptosis in OSCC cells through the regulation of Bcl-2 and IAP family members. Our results provide further support for the hypothesis that the PI 3-K/Akt signaling pathway is a potent mechanism of resistance in OSCC cells to conventional therapies, such as chemotherapy. Pharmacological inhibitors of the PI 3-K/Akt signaling pathway might overcome this. Furthermore, the efficacy of multiple anticancer drugs combined with PI 3-K inhibitors might be even more powerful compared with a single anticancer drug in OSCC cells. Because the combination of PI 3-K inhibitor and conventional anticancer drug could potentially result in clinical efficacy using lower doses of anticancer drugs, this combined therapy may reduce anticancer drug-related toxicity. Due to inherent difficulties with the stability, solubility, and toxicity of wortmannin and LY294002, efforts are being made to develop new inhibitors of the PI 3-K pathway. Success in this area was recently demonstrated, with a report on the development of a new PI 3-K inhibitor with strong anti-tumor activity against human cancer without toxic effects in clinical organs (43) .
